I. INTRODUCTION
Diamond with a bandgap of 5.47 eV is an insulating material when undoped. However, the diamond surface exhibits interesting functional properties when terminated with hydrogen. The C-H bond at the terminated surface creates a dipole layer which induces a negative electron affinity (EA) of up to -1.3 eV and lowers the ionization potential from 5.8 eV to as low as 4.2 eV, lower than that of any known semiconductor. 1 As a consequence, electron transfer from the valence band of diamond into the lowest unoccupied molecular orbital (LUMO) of an appropriate adsorbate is possible, thereby providing a mechanism for the formation of a subsurface hole accumulation layer. The surface transfer doping model was used by Maier et al. to explain successfully the formation of p-type surface conductivity (SC) when the H-terminated diamond surface is exposed to ambient conditions. Here, the doping relies on the electrochemical redox reaction between a thin adsorbed water layer and the diamond surface. 2 Strobel et al. demonstrated that p-type surface doping of diamond could also be achieved with fullerene (C 60 ) and fluorofullerenes (FFs, C 60 F x , x = 18, 36, 48) as surface acceptors where doping is achieved by the transfer of an electron to the LUMO of C 60 F x . 3, 4 The introduction of the strongly electronegative fluorine atoms induces a large electron affinity in the fluorofullerenes, allowing an electron-hole pair for each C 60 F x acceptor and hence a doping efficiency of one because the activation energy is initially negative. However, the doping efficiency drops to zero above a critical FF coverage and that limits the ultimate hole concentration and a) Electronic email: mtedmonds@students.latrobe.edu.au. thus achievable surface conductivity. The hole concentration at saturation differs for the different FFs and appears to scale with the electron affinity of the FF; with p ∼ 10 13 cm −2 at its highest for C 60 F 48 which in vapour form has an EA of 4.06 eV, higher than any of the other FFs. 5 Significant progress has been made in characterising the electronic properties of the diamond surface and the underlying twodimensional hole accumulation layer. [6] [7] [8] [9] Air-induced p-type SC on diamond has led to the development of metal-semiconductor field effect transistors (FET), 10 and more recently solution gated FET (Ref. 11) that utilise this surface accumulation layer. The development of devices using molecules as surface acceptors is in its infancy by comparison. However, there is a potentially wide choice of molecular systems with properties that can be systematically modified to introduce functional properties in addition to being acceptors. While the response of diamond to surface transfer doping has been extensively studied, little attention has been paid to the properties of the surface molecules on H-terminated diamond and the effect of charge transfer on their energy level structure. Knowledge of the electronic behaviour of the molecular acceptors is of fundamental importance to understanding, for example, the limitations to achieving higher hole sheet densities in the underlying p-type layer and to the selection and design of alternative molecular acceptors.
In this paper we specifically address the question of what factors determine the ultimate achievable hole concentration, or in other words, what makes the doping efficiency drop to zero above a certain acceptor coverage and how does that depend on the electronic level scheme of acceptor molecules and diamond. The acceptor we use is C 60 F 48 on C(100):H and the main investigation tool is core-level photoelectron spectroscopy (PES) using synchrotron radiation. The surface sensitivity of this technique, combined with high energy resolution, permits for the first time the identification of two distinct C 60 F 48 charge states, corresponding to ionized and neutral fluorofullerene molecules. An increase in the energy of the LUMO of the neutral C 60 F 48 , arising from an induced potential at the diamond-fluorofullerene interface, limits the maximum achievable hole sheet density whereupon further deposited fluorofullerenes no longer participate in surface transfer doping.
II. EXPERIMENTAL DETAILS
Experiments were performed using a boron-doped (100) single crystal synthetic IIb diamond sample with a boron concentration of 5 × 10 18 to 5 × 10 19 cm −3 . 12 Using the energy of the boron acceptor (373 meV) and the boron concentration, the Fermi level position in the bulk is calculated to lie between 0.19 and 0.21 eV above the valence band maximum (VBM). The sample was cleaned by boiling in acid (H 2 SO 4 /HCLO 4 /HNO 3 ; 1:1:1) in order to remove metallic contamination and non-diamond carbon phases. Hydrogen termination was performed in microwave hydrogen plasma at a sample temperature of 800
• C for 45 min. The sample was exposed to air before being transferred to ultra-high vacuum (10 −10 mbar) at the soft x-ray beamline of the Australian Synchrotron, where subsequent processing and PES measurements were performed. The sample was annealed in vacuo to 550
• C for 1 h prior to PES measurements to remove airborne hydrocarbon contamination and any air-induced surface conductivity without impairing the hydrogen termination.
C1s core level spectra were measured with an overall energy resolution of ∼0.1 eV at normal emission using a photon energy ω = 330 eV in order to maximize surface sensitivity. At this photon energy the kinetic energy of the C1s photoelectrons is about 45 eV, i.e., at the minimum of the electron escape depth. The binding energy (BE) scale is referenced to the Fermi energy E F by setting the BE of the 4f 7/2 core level of a gold (Au) sample in electrical contact with the diamond to a value of 84.00 eV. C 60 F 48 adlayers were deposited by sublimation from a quartz crucible and using a quartz-crystal monitor as a guide to deposition rate. C 60 F 48 coverage was accurately determined from the C1s spectra using the method adopted by Strobel et al. by assuming that for ω = 330 eV the mean free path of the C1s photoelectrons is 3.5 Å. 4 A coverage of one monolayer (ML) corresponds to 7.80 × 10 13 C 60 F 48 molecules/cm 2 . Photoemission measurements were performed on the pristine C(100):H surface and with C 60 F 48 coverages ranging from 0.002 ML to 1 ML. Experiments determining the extent of damage to C 60 F 48 arising from exposure to synchrotron radiation have been reported by us in Ref. 13 . For extended beam exposure C 60 F 48 dissociates by a flux of secondary electrons from the underlying diamond and the released F atoms lead to the formation of a fluorineterminated surface by replacing C-H with C-F bonds. In the present study each C1s core-level spectrum took 150 s to collect and a different region of the surface was analysed for each coverage to minimise dissociation. After the spectra for a particular coverage were taken, the sample was annealed at 350
• C for 30 min to remove the irradiated adlayer prior to a subsequent deposition.
After subtracting a background using the Shirley method 14 the C1s spectra were fitted with a Voigt function where the Lorentz width L was fixed at 0.15 eV to reflect the lifetime of the C1s core hole. 15 Shifts in E F at the surface were determined with an uncertainty of ±0.02 eV by the measured shift in the diamond bulk component. By using the fixed energy separation of the VBM to the C1s core level of 283.9 ± 0.1eV as reported by Maier et al. the position of E F relative to E VBM has been determined. 16 The change in Fermi level position so obtained was corrected to account for the convolution of the C1s line with the band profile at high hole sheet densities as reported by us in Ref. 17 . The highest correction amounts to 0.10 eV. Figure 1 gives a series of C1s spectra together with the fitted components for: (a) clean H-terminated diamond and (b)-(f) increasing C 60 F 48 coverage. There are two distinct groups of C1s lines. The group around 284 eV binding energy stems from bulk diamond and the C-H and C-H x surface entities that are chemically shifted to higher binding energies by 0.25 eV and 0.58 eV, respectively. The position of the C-H peak and its identification is presented in Ref. 18 . The wide group between 286 and 290 eV is due to carbon atoms in the fluorinated fullerenes. The spectral region at lower binding energy, labelled C=C, is due to carbon atoms surrounded by carbon only, whereas the higher BE region represents carbon atoms that have one fluorine (F) atom attached to them; the two regions are separated by 2.07 eV ± 0.05 eV. The binding energies of the diamond bulk and fluorofullerene line components and their relative intensities are listed in Table I for the spectra shown in Fig. 1 . For coverages of 0.088 ML and above the C=C and C-F lines require two distinct components for a proper fit (labelled C=C, (C=C) − and C-F, (C-F) − , respectively, in Fig. 1 ). That indicates the presence of two distinct molecular charge states, the origin of which will be discussed below. At coverages exceeding 0.503 ML additional components with low intensity (labelled C=C x and C-F x ) are included and arise from the dissociation of fluorine for cases where the fluorofullerene coverage is high. These lines need not concern us here and play no part in the following discussion.
III. RESULTS

IV. DISCUSSION
A. Surface band bending
The variation in E F -E VBM at the surface as a function of C 60 F 48 coverage is shown in Fig. 2 . Starting from a position slightly above the bulk Fermi level position (0.4 vs. 0.2 eV) E F moves rapidly towards E VBM and drops below E VBM for coverages in excess of about 0.02 ML. This is equivalent to a corresponding upward band bending and a clear sign of the formation of the hole accumulation layer at the diamond surface. A maximum shift in E F of 0.74 eV is observed at 0.503 ML coverage. At this point E F resides 0.35 eV below 
B. Identification of neutral and ionized fluorofullerene molecules
Turning now to the C1s spectra of the fluorofullerenes shown in Fig. 1 , the remarkable aspect is the fact that both the C=C and C-F groups consist of two distinct components clearly separated in binding energy by about 0.6 eV and whose relative intensities are the same in both spectral regions. In other words, there appear to be two chemically different groups of C 60 F 48 molecules on the surface of hydrogen-terminated diamond. These we interpret as neutral (A) and ionized (A − ) C 60 F 48 acceptors with concentrations N A and N A − , respectively. The C1s lines at lower binding energy correspond to the ionized fluorofullerenes because the extra charge lowers all binding energies on account of the additional Coulomb repulsion. This interpretation is confirmed by studying the C=C and C-F groups of C 60 F 48 molecules on the oxygen-terminated diamond surface as shown in Fig. 3 . Oxygen-terminated diamond has a large positive electron affinity 16 that prevents surface transfer doping, meaning that only neutral C 60 F 48 molecules will be present on the oxygen-terminated diamond surface. This is shown in Fig. 3 where only one component is needed to fit the C=C and C-F groups, confirming our interpretation of ionized and neutral C 60 F 48 molecules on the hydrogen-terminated diamond surface. Figure 4 shows the fractional concentration of the ionized C 60 F 48 . It is evident that at low coverage N A − dominates and at high coverage N A . The changeover point occurs between 0.1 ML and 0.3 ML. That suggests that what we see in Fig. 4 is the changeover from mainly ionized C 60 F 48 , i.e., doping molecules below 0.1 ML to an increasing contribution of non-doping neutral C 60 F 48 for higher coverages. Above 0.5 ML, further deposited C 60 F 48 no longer participates in surface transfer doping. This interpretation is in accord with that of Strobel et al. who observed a saturation in the fluorofullerene induced hole concentration at about 0.2 ML. 4 The difference in binding energy of the two species is listed in Table I and is seen to remain constant at 0.58 ± 0.07 eV. There is some scatter in the difference depending on coverage but not in a way that lends itself to further interpretation. We shall focus now on the C1s energies of the doping component in the C=C part of the spectrum (the (C=C) − component) because it is well defined in all spectra and all other components are linked to it by constant energy differences.
When we turn to the variation in the C1s binding energies of the doping (C=C) − component, the intention is to learn something about the level alignment between diamond and the doping fluorofullerenes as a function of coverage. The aim is to understand the factors that limit the ultimate hole concentration obtained by surface transfer doping diamond with fluorofullerene. The underlying assumption is that the relevant LUMO level maintains a constant energy separation from the C=C core level much as the justified assumption of a fixed energy separation between the VBM and C1s core level in diamond enabled us to extract the surface band bending from the variation in the diamond C1s energy relative to E F with fluorofullerene coverage. In principal, there are two possibilities discussed in the literature for the alignment of substrate and overlayer levels involving organic molecules. One is Fermi level alignment and the other is the pinning of the adlayer molecular orbitals to a fixed energy relative to the energies of the substrate. 20, 21 For the case of a metal both schemes would give the same result because the Fermi level in a metal is fixed relative to all other metal energies. For semiconductors or insulators as in the case at hand the situation is quite different. The Fermi level is not fixed relative to the energy levels of the semiconductor such as the VBM and conduction band minimum due to doping and band bending as we have seen above. Therefore, in order to decide which situation holds in the present case we have plotted, as a function of coverage, the BE of the doping (C=C)
− component relative to E F and also relative to E VBM in Fig. 5 . The binding energies relative to E F are taken directly from fits to the measured spectra as given in Table I . By subtracting E F -E VBM (see Fig. 2 ) from these energies the (C=C)
− doping binding energies relative to E VBM are obtained as well. It is evident from Fig. 5 that the (C=C) − binding energy of the doping molecules is neither constant relative to the Fermi level nor the VBM. By implication, that also holds for the LUMO − which is the ionised acceptor level whereas we are really interested in the acceptor level, i.e., the neutral LUMO. From Table I we know that the separation between the C1s core levels (and hence the LUMOs) of the anion and the neutral molecule is fixed and amounts to 0.58 eV. we correct the energies of the doping molecules by 0.58 eV. This circuitous way is chosen because for low coverages we do not have reliable values for the non-doping C=C binding energies.
With this approach we plot as squares in Fig. 6 , the change in the LUMO energy of the neutral fluorofullerenes relative to E VBM as a function of C 60 F 48 coverage. In analogy to the conventional doping in bulk semiconductors we refer to as the acceptor energy. The initial value is 0 = (E LUMO -E VBM ) in the limit of vanishing coverage. From the data it is apparent that our analysis yields an increase in the acceptor energy of 0.19 eV after 0.1 ML coverage and a maximum change of 0.43 eV at 0.5 ML after which remains constant as a function of coverage. This means that the acceptor energy is now 0.43 eV higher than the initial value.
What is the origin of this substantial increase in the acceptor energy with increasing fluorofullerene coverage? In a recent publication, we have shown that surface transfer dop- ing with C 60 F 48 is accompanied by a change in EA of diamond of up to 0.63 eV. 17 The origin of this increase in EA lies in the dipole layer that forms between diamond and the acceptor layer at the surface. In the course of transfer doping, electrons are transferred from the diamond into surface acceptors, leaving an equal number of holes behind. The holes are localized in the subsurface accumulation layer in diamond and the electrons are separated from them by the distance of closest approach between diamond and the centre of the charge distribution in the acceptor layer. Connected with the formation of the dipole layer is a potential drop, , that in its most simple form is evaluated by the capacitor model = ep/C , where p and C are the areal charge density and the capacitance of the charge-free region per unit area, respectively, and e is the elementary charge. With this simple model the variation in EA with carrier concentration could be well accounted for by adopting a specific capacitance C = 3.25 × 10 13 17 The solid line is a polynomial fit of the data to obtain the function w(p).
In the present case, the hole sheet density can be determined from the position of E F -E VBM in the present work (Fig. 2) by comparison with our previous experimental data of E F -E VBM as a function of hole density as shown in Fig. 7 . 17 In order to facilitate the comparison we have fitted a polynomial w(p) to the data as shown by the line in Fig. 7 . From the hole sheet densities estimated in this way and the value for the capacitance, the change in potential associated with the dipole layer is plotted as circles in Fig. 6 . Taking into account that these data points are derived using experimental input from two different sources, the agreement with the LUMO shift is excellent. The overall amplitude and the general shape in the LUMO shift are matched well by the model. Above 0.5 ML both the potential drop and the acceptor energy no longer change. This is, of course, due to the fact that the doping efficiency of C 60 F 48 is initially equal to one with every fluorofullerene contributing one electron-hole pair. Above about 0.4 ML coverage the relative contribution of non-doping FF dominates and the increase in the dipole levels off as does the surface conductivity. Hence, the maximum possible hole concentration and therefore surface conductivity is determined by a self-limiting process. As more and more charge is transferred the acceptor energy = E LUMO -E VBM increases by an amount that itself is linearly related to the charge density. The two acceptorspecific quantities that ultimately determine the achievable hole density for a given temperature are the initial acceptor energy 0 and the areal capacitance C of the charge-free region separating holes and electrons.
C. Doping efficiency and initial activation energy 0
As has been pointed out in the original work on transfer doping of diamond by Strobel et al. 3, 4 doping by fullerenes is governed by Fermi-Dirac statistics and charge neutrality. Hence, the areal hole density p and the areal density of negatively charged C 60 F 48 molecules are equal and the occupation of the acceptor molecules with one extra electron is given by the Fermi-Dirac probability:
(1) with E a being the activation energy for charge transfer. Following Strobel et al. we write the activation energy
(2) The acceptor energy is itself doping dependent and can be further reduced with the result discussed above in connection with Fig. 6 :
This yields, for the areal concentration of negatively charged acceptor molecules N A − , where 0 refers to the acceptor energy before any charge transfer has taken place, and g = 6 is the degeneracy factor of the C 60 F 48 LUMO. 4 Before evaluating Eq. (4) we have to consider the universal (for diamond) function w(p). In the work of Strobel et al. w(p) was taken from the theoretical work of Ristein who calculated w(p) classically. 22 Here, we use w(p) as derived from experimental data, (p) from the capacitor model, and calculate the doping efficiency η = N A − /(N A − + N A ) with 0 as the only free parameter. This is done in Fig. 8 for 0 = -1.0, -0.5, -0.3, -0.1, and 0 eV. We see a doping efficiency equal to one below a threshold hole concentration that depends on 0 ; the lower 0 , the higher the hole concentration up to which the doping efficiency is unity. This latter regime corresponds to the linear relationship between hole concentration and C 60 F 48 coverage seen in all measurements. 4 At the threshold concentration the doping efficiency drops steeply to zero corresponding to a hole concentration that no longer increases with fluorofullerene coverage. It is clear from Fig. 8 that our model describes quantitatively the relationship between fluorofullerene coverage and hole concentration. Moreover, it gives convincing evidence for the reason why in different experiments different saturated hole densities are observed.
Let us now determine a value for 0 in the present experiment. Figure 9 plots the experimentally determined and theoretically derived hole densities as a function of C 60 F 48 coverage. The circles represent the hole sheet density determined using the values of E F -E VBM in Fig. 2 and the band bending function w(p). The squares are derived by making use of the relative intensities of the fluorofullerene core level components to determine the number of doping C 60 F 48 molecules at each coverage, noting that each ionized molecule induces an underlying hole in the diamond. Overall the agreement between these two independently derived hole sheet densities is as good as can be expected. The dashed and solid lines in Fig. 9 correspond to the hole density calculated using Eq. (4) with an initial energy of 0 = -0.5 and -0.7 eV, respectively. The experimental data fall in between the two estimates and the acceptor energy in the limit of vanishing FIG. 9 . Experimentally and theoretically determined hole density as a function of C 60 F 48 coverage. Open circles represent the hole sheet density determined using the values of E F -E VBM in Fig. 2 and the band bending function w(p). Open squares represent the number of doping C 60 F 48 molecules at each coverage calculated from the relative intensities of the fluorofullerene core level components. The dashed and solid lines correspond to the hole density calculated using Eq. (4) with initial activation energies of -0.5 eV and -0.7 eV, respectively. coverage 0 = (E LUMO -E VBM ) →zero coverage = -(0.6±0.1) eV for the present experiment.
It is important to recognise that in this case 0 is not equivalent to the band offset in a conventional semiconductor hetero junction as determined by the bulk properties (charge neutrality levels) of the two adjacent semiconductors, where it solely governs the extent of charge transfer across the interface. Here we are dealing with a molecule only weakly interacting with diamond. Hence, the relevant reference level for level alignment is the vacuum level, which for diamond can change significantly with the degree of hydrogenation. For a perfectly hydrogen terminated surface the EA is -1.3 eV, whereas values closer to -1 eV have frequently been reported that are listed in the work of Maier et al.
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D. Energy level schemes for C 60 F 48 on diamond
Finally, we are now in a position to draw the energy level schemes for C 60 F 48 on diamond. This is done in Fig. 10 for the two extreme cases: (a) in the limit of vanishingly small coverage and (b) a coverage of ∼1 ML where the saturation in hole density and therefore surface conductivity is achieved. In doing so we tacitly assume that the constant separation between LUMO and LUMO − prevails down to coverages where spectroscopically no neutral FFs are observed. Using the initial acceptor energy determined in Fig. 9 of 0 = -0.6 eV, the only energy not measured in the present work is the electron affinity of the pristine hydrogen terminated diamond surface of -1.1 eV taken from our previous work. 5, 23 The difference of 0.9 eV between the two reported values is due to screening effects in the solid C 60 F 48 . The value derived by Mitsumoto relied on the assumption that the polarization energy of an electron in C 60 F 48 is the same as in C 60 and amounts to 0.95 eV. 24 In comparing our result with these two previously reported results, it appears that our result is consistent with that of solid C 60 F 48 . This suggests that the C 60 F 48 core levels are screened from the underlying diamond just as well as from neighbouring FF molecules in the molecular solid.
The other quantity derived by us is the E LUMO -E C1s separation of 287.16 eV ± 0.1 eV for the C=C component of the C1s spectra. Mitsumoto et al. measure a binding energy relative to E F of 286.2 eV in solid C 60 F 48 , they quote a Fermi level given as 0.4 eV below the LUMO which yields E LUMO -E C1s = 286.6 eV, falling short of our value by 0.56 eV. 23 In another paper, Mitsumoto et al. report a Fermi level 0.8 eV below the LUMO and the same C1s binding energy, which would reduce the difference between their and our value to 0.16 eV. 25 Given that the analysis of Mitsumoto used the same polarization energy for an electron in C 60 F 48 as in the case of C 60 , and the inherent uncertainties in the present study, the agreement is quite reasonable.
V. CONCLUSION
By utilizing high resolution, surface sensitive C1s core level photoelectron spectroscopy we have unravelled details in the energy level scheme of diamond and a C 60 F 48 acceptor layer that are crucial for a detailed understanding of the doping mechanism, its efficiency, and the factors that determine the ultimate hole concentration achievable with this acceptor system. Unlike conventional bulk doping in semiconductors, in transfer doping the surface acceptors are no longer characterized by a single acceptor energy, i.e., a single energy difference between acceptor level (the LUMO of C 60 F 48 in our case) and the VBM of diamond. Instead, the acceptor energy is itself a function of doping. This comes about from the dipole layer that forms between the spatially separated holes in diamond and electrons in the acceptor layer. This sets up a dipole potential difference (p) that effectively increases the acceptor energy. The magnitude of the potential difference scales linearly with the amount of transferred charge and the proportionality factor is the inverse of the capacitance of the charge free region between electrons and holes. This capacitance therefore constitutes a system specific quantity that enters in the doping efficiency and the maximum hole density. In the case at hand the capacitance amounts to C = 3.25 × 10 13 ecm −2 V −1 and a maximum change in potential of +0.43 eV.
The other system specific quantity is the acceptor energy 0 in the limit of vanishing surface acceptor coverage. It amounts to -0.6 eV in our case and the fact that it is negative is responsible for the high initial doping efficiency of one. If one were to treat the diamond-C 60 F 48 interface as a conventional semiconductor hetero interface then this quantity would be characteristic for the interface and hence constant. However, for a weakly interacting molecule such as C 60 F 48 0 is determined by the difference between the electron affinity of the molecule and the ionization potential of diamond. The latter in turn depends on the quality of the hydrogen termination which is operational in lowering the ionization potential of diamond to values low enough to make transfer doping possible in the first place. Hence, 0 can vary even for the same acceptor species and the value determined here for C 60 F 48 , 0 = -0.6 eV, may vary from case to case.
The final ingredient that enters into the doping efficiency is the Fermi level position in diamond relative to the VBM because the activation energy for electron transfer that enters the Fermi-Dirac statistics equals E a = E LUMO -E F . This quantity changes as well with doping because the accumulation of positive charge in the subsurface region of diamond induces an upward band bending that also depends on the hole concentration p. The upward band bending w(p) = E F -E VBM was determined here and amounts to a maximum of 0.74 eV.
From this and previous band bending measurements an empiric functional form for w(p) has been derived. Together with the other characteristic quantities 0 and C they have placed us in a position to calculate the doping efficiency, i.e., the ratio of doping to non-doping C 60 F 48 molecules as a function of coverage. As expected, the doping efficiency drops precipitously when the activation energy turns positive, i.e., when the initial negative value of 0 is compensated by the opposing values of w(p) and (p). And that point therefore also determines the maximum achievable hole concentrations and hence surface conductivity. The fact that 0 is initially negative prevents a freeze-out of carriers at low temperatures. From our analysis it is expected that the same high carrier concentrations of about 10 13 cm −2 can be achieved at low temperatures as at room temperature. This is of importance for any planned investigation of the quantization of the 2D hole gas in diamond.
Beyond giving a complete and quantitative picture of the transfer doping of C 60 F 48 on diamond, our work may also serve as a guide for similar donor acceptor systems involving organic molecules and bulk semiconductors because we have considered aside from the effect of quantization of the hole gas all relevant aspects that are operational in such a system.
